Analysis of transgene expression under the control of the cytomegalovirus (CMV) promoter from adenovirus vectors in which the E4 region was modified indicated that E4ORF3 is required for long-term expression in the murine lung. CMV promoter truncation led to the persistence of expression in the absence of E4, thus eliminating the ORF3 requirement.
received Ad2/␤gal-4, indicating that ORF1, ORF2, ORF4, and ORF6 are dispensable for prolonged CMV promoter activity. In contrast, expression levels on day 14 were significantly lower than those on day 3 in animals that received Ad2/␤gal-7, -8, or -11 when compared to Ad2/␤gal-4 (P Ͻ 0.05). These results indicate that neither ORF4 nor the combination of ORF6 and ORF6/7 is sufficient but that ORF3 is required to achieve longevity of expression from the CMV promoter in the murine lung.
Long-term expression of the human cystic fibrosis transmembrane conductance regulator (hCFTR) under the control of the CMV promoter has been achieved in the airway epithelia of immunocompetent mice with a first-generation adenovirus vector (wild-type E4) but not with an E4-modified vector (17) . On the basis of results with the Ad2/␤gal vector series, we hypothesized that an analogous CFTR expression vector retaining ORF3 would yield long-term expression in the mouse lung. Vectors with the following E4 modifications (Fig. 1B) were tested in parental BALB/c mice: Ad2/CFTR-16 (wildtype E4) (17) , Ad2/CFTR-5 (ORF6) (12) , and Ad2/CFTR-18 (ORF3 and ORF4). In Ad2/CFTR-18, E4 sequences (positions 32891 to 35470) were deleted and replaced with a fragment (positions 33998 to 34804) containing ORF3 and ORF4 coding sequences and 3Ј mRNA splice sites. ORF4 protects transduced cells from lysis by cytotoxic T lymphocytes in vitro (13) and was included for potential beneficial effects in immunocompetent mice. As shown in Fig. 3 , expression based on reverse transcription-PCR (2) persisted to day 42 in animals that received either Ad2/CFTR-16 or Ad2/CFTR-18 but was transient in animals that received Ad2/CFTR-5. This indicates that the retention of ORF3 in an adenovirus vector allows expression from the CMV promoter to persist. A vector containing only ORF3 has not yet been obtained; however, the data with the Ad2/␤gal series ( Fig. 2) indicate that ORF4 is neither sufficient nor required. While a contribution from ORF4 cannot completely be ruled out, the data collectively suggest that ORF3 may be sufficient for achieving long-term expression from the CMV promoter.
The above-described studies demonstrate that ORF3 activity is required for prolonged expression from the CMV promoter; however, it is not clear if this results in promoter activation or prevention of promoter repression. The CMV promoter has been extensively studied and many transcription factor binding sites have been identified (4, 15) . For example, it has been demonstrated that YY1 can mediate repression of expression from a full-length, but not from a truncated, CMV promoter in nonpermissive cells (14) . We therefore chose to determine if truncation of the CMV promoter (Fig. 1C) would prevent the down regulation of expression in the context of an adenovirus vector containing a complete E4 deletion. The expression from ⌬CMV␤gal-1 was compared to that from Ad2/ ␤gal-4 in the lungs of BALB/c nude mice. In order to determine if the enhancer elements remaining in the ⌬CMV promoter were still responsive to E4, Ad2/CFTR-16 that could supply E4 in trans was coinstilled into one group of mice. As shown in Fig. 4 , the expression remained elevated in mice that received either Ad2/␤gal-4, ⌬CMV␤gal-1, or the ⌬CMV␤gal-1-Ad2/CFTR-16 combination. This indicates that CMV promoter truncation was sufficient to prevent a decline in the expression which has been observed previously with Ad2/ ␤gal-5 (complete E4 deletion) (2) . Moreover, the data suggest that the promoter fragment from positions Ϫ295 to Ϫ14 does not require E4 gene products for continued expression and that sequences within positions Ϫ523 to Ϫ296 are involved in down regulation. The results also imply that E4ORF3 may act to relieve CMV promoter repression in the mouse lung. In addition, the day 3 levels of expression did not differ significantly among the groups. This is somewhat surprising since a considerable portion of the enhancer is deleted in the ⌬CMV promoter; however, a similar truncation did not appear to affect expression in cultured cells (14) .
Although a role for ORF3 in the regulation of expression is suggested by our results, the mechanism remains obscure. Despite knowledge of ORF3 action and function with respect to adenovirus replication (5, 7, 9, 11, 16) , it is unclear how they relate to the effect observed in our studies. Nonetheless, the down regulation of the CMV promoter in the context of ade-FIG. 1. Genomic structure of E4-modified adenovirus vectors. Expression cassettes replacing the E1 region are depicted on the left and variations of the E4 region are depicted on the right. (A) Vectors contain a CMV promoter element to drive ␤-galactosidase expression. Ad2/␤gal-4 contains a wild-type (WT) E4 region, and Ad2/␤gal-7 and -8 have deletions of E4 but retain ORF4 and ORF6 and -6/7, respectively. Ad2/␤gal-9, -10, -11, -12, and -13 contain insertions or deletions in ORF1, ORF2, ORF3, ORF4, and ORF6/7, respectively. (B) Vectors contain a CMV promoter element to drive CFTR expression. Ad2/CFTR-16 contains a wild-type E4 region. Ad2/CFTR-5 and -18 have deletions of E4 but retain ORF6 and ORF3 and -4, respectively. BGH, bovine growth hormone. (C) ⌬CMV␤gal-1 contains a truncated CMV promoter element to drive ␤-galactosidase expression. The E4 region of this vector is completely deleted. SV40, simian virus 40.
novirus vectors is consistent with the tissue distribution of the CMV-driven LacZ gene (3) or neomycin resistance gene (18) expression observed in transgenic mice. Reporter expression was detected in a variety of tissues but not in the lung or liver, suggesting active CMV promoter silencing in these tissues.
Gene therapy applications focusing on the correction of genetic defects will require prolonged transgene expression to avoid problems associated with vector readministration. Achievement of long-term CFTR expression in the lungs of BALB/c mice with both first-and second-generation adenovirus vectors is demonstrated here and elsewhere (17) . Although the results are encouraging, it is likely that immune responses to viral antigens (19) (20) (21) that eliminate transduced cells will be a limiting factor in more permissive models. Our results suggest that E4ORF3 is required to achieve prolonged expression from the CMV promoter in the murine lung. Because ORF3 influences expression from the CMV promoter, cellular gene expression may similarly be affected. Until more is known about ORF3 function, it is not possible to predict consequences of ORF3 expression in other models. We also demonstrate that expression from a truncated CMV promoter can be maintained in the absence of any E4 gene product, suggesting that the combination of this promoter with a complete E4 deletion might be used as an alternative to vectors with a longer CMV promoter that requires the retention of ORF3. A better understanding of the interplay between ORF3 and the CMV promoter in a variety of tissues may help define strategies for controlling transgene expression. While many gene therapy applications focus on achieving long-term expression, others may require transient expression. Therefore, the retention or deletion of ORF3 in gene delivery vectors might be a useful mechanism for controlling the outcome of transgene expression.
